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Abstract 
It’s quite important to clarify what physical parameters control the 
magnitude of volcanic eruption not only to understand magma processes in the 
conduit but also to provide useful information on the mitigation of volcanic 
hazard. Among various kinds of eruptions, Vulcanian eruptions excite seismic 
and acoustic waves during the activity. Analyses of these seismic and acoustic 
waves enable us to quantitatively evaluate dynamic process of the Vulcanian 
eruption and magma behavior in the conduit and magma chamber. Study on the 
source parameters of volcanic explosion is necessary to understand source 
mechanism. However, in seismic wave, there are difficulties to retrieve the 
source information because small to moderate earthquakes mainly excite short 
period waves that are scattered and/or attenuated by heterogeneous structures 
and are amplified by shallow structure just beneath the stations. In order to 
correctly estimate the source information of volcanic explosion, spectral ratio 
method is useful to effectively eliminate path and site effects included in 
observed waveforms. This method is powerful enough to clarify the seismic 
source difference of co-located events without being disturbed by 
heterogeneous structure (e.g. Mayeda et al., 2007; Mayeda and Malagnini, 
2010). In the present study, therefore, we analyze Vulcanian eruptions recorded 
iv 
 
by seismic and acoustic sensors at Sakurajima volcano, Japan. We also examine 
Vulcanian eruptions during the 2011 Shinmoe-dake eruptive activity. Applying 
the spectral ratio method that can retrieve the source spectral information to 
three-component seismograms and acoustic signals recoded at the stations on 
the volcanos’ flanks, we examine scaling relations in Vulcanian eruptions. 
In Chapter 1, we summarize and review the previous studies on the 
characteristics of seismic and acoustic waves excited by volcanic eruptions, 
their possible mechanisms, and their relationships. We also explain some 
previous studies using spectral ratio method, and then, we present the purpose 
of this study. 
In Chapter 2, we explain the data used in the present study: three-
component seismograms and acoustic waves recorded by the stations 
operated by Japan Meteorological Agency (JMA) during 2012-2013 
Sakurajima eruptions, and those during 2011 Shinmoe-dake eruptions. We 
show the seismic and acoustic waveforms at the two volcanoes. We also 
briefly explain the spectral ratio method to extract the source information. 
Since the atmospheric condition around the crater and volcano may disturb 
acoustic wave propagations, we select the acoustic events that occurred 
during low wind speed conditions. 
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In Chapter 3, we analyze the seismic and acoustic waves during 
Vulcanian eruptions at Sakurajima, volcano, Japan. We examine explosion 
earthquakes that are associated with large and small Vulcanian eruptions, and 
evaluate their characteristics by spectral amplitude ratios. To stabilize the 
spectral amplitude ratios and obtain an averaged feature, we group the observed 
explosion earthquakes into five classes according to their maximum amplitudes 
and calculate the spectral amplitude ratios between the five classes. Because 
Vulcanian eruptions continue to effuse volcanic ash for several to tens of 
minutes, spectral amplitude ratios of explosion earthquakes (hereafter, seismic 
spectral amplitude ratios) are calculated by shifting a time window of 10 s every 
10 s from the onset to coda wave. We classify the acoustic events into 4 classes 
according their amplitudes and calculate the spectral amplitude ratios (hereafter 
called acoustic spectral amplitude ratios) by setting a time window of 10 s every 
5 s from 1s before the onset. The results show that the seismic spectral 
amplitude ratios are characterized by flat amplitude at low frequency range of 
0.5-2 Hz, corner frequencies of about 2 Hz and 3.5 Hz, and flat amplitude at 
high frequency range of 3.5-10 Hz. With increasing the magnitude of explosion 
earthquakes, seismic spectral amplitude ratios at the low and high frequency 
ranges increase, while the corner frequencies do not significantly change. On 
the other hands, the characteristics of spectral amplitude ratios of the acoustic 
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waves excited during Vulcanian eruptions show flat amplitude at a wide 
frequency range between 0.1 and 10 Hz. This characteristic is different from 
that of the observed seismic spectral amplitude ratios.  
In Chapter 4, we analyze the seismic and acoustic waves during the 2011 
eruptive activity of Shinmoe-dake volcano, Japan. We examine explosion 
earthquakes and acoustic waves excited by large and small Vulcanian eruptions, 
and evaluate their characteristics by the spectral amplitude ratios. Although the 
spectral amplitude ratios are fluctuated due to small number of the data, we see 
the following characteristics. The seismic spectral amplitude ratios decrease 
with increasing frequency at the intermediate frequency range (c.a. 2 – 4.5 Hz) 
and becomes flat at high frequency range of about 4.5 -9 Hz. On the other hand, 
the acoustic spectral amplitude ratios are characterized by a flat amplitude at a 
wide frequency range of about 0.1-10 Hz. These characteristics are similar to 
those of the seismic and acoustic spectral amplitude ratios at Sakurajima 
volcano.  
In Chapter 5, we discuss the characteristics of the seismic and acoustic 
spectral amplitude ratios that are observed at the two volcanoes. We compare 
the observed spectral amplitude ratios with the ratios predicted from the single 
force model in which the pulse width and amplitude of source time function are 
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functions of the vent radius. The predicted spectral amplitude ratios show slight 
changes of the corner frequencies, but the observed ones do not show 
significant change. Considering also that the explosion earthquakes occur at a 
same crater at each of the volcano, we infer that the observed seismic spectral 
amplitude ratio may be also attributed to pressure changes in the conduit and/or 
chamber. Another important finding is that the spectral amplitude ratios 
gradually decrease with lapse time keeping the corner frequencies. Such a lapse 
time dependence of seismic spectral amplitude ratios is completely different 
from those of tectonic earthquakes in which direct and coda waves show a same 
spectral amplitude ratio. The observed temporal changes are not explained by 
the effect of volcanic structure or the depth changes of the seismic sources. We 
infer that the spectral amplitude ratio changes can be attributed to the 
differences in the eruption processes: the early part of the seismic waves of 
explosion earthquakes are generated by an initial rapid pressure release in the 
conduit while the coda waves are by successive oscillations of the magma 
system during continuous ash emission. On the other hand, the flat spectral 
amplitude ratios observed for the acoustic waves suggest that pulse width is 
independent of the amplitude of the source time function. This may be 
explained by the effect of the crater geometry on the acoustic wave radiation.  
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In this thesis, I have investigated the basic characteristic of spectral 
amplitude ratio for both the seismic and acoustic waves excited by Vulcanian 
eruptions based on analyses of the data recorded at two different volcanoes. 
Our results highlight the difference of characteristic of spectral amplitude ratios 
between the seismic and acoustic waves, suggesting the differences in their 
generation mechanisms and excitation regions: the seismic waves are in the 
volcanic conduit beneath the vent, while the acoustic waves are at the surface 
of the conduit. We also found that the seismic spectral amplitude ratios 
decrease with elapsed time. This is quite contrary with the results of tectonic 
earthquakes that are reported in previous studies. In this thesis, only the two 
volcanoes are analyzed, but applying spectral ratio method to the data observed 
at the other volcanoes can further deepen our knowledge on scaling relations 
between large and small Vulcanian eruptions. 
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Chapter 1 
Introduction 
Source mechanisms of volcanic eruptions are useful and important for 
determining the geometry of magmatic plumbing systems, understanding their 
temporal evolution and behavior of magma flow, and characterizing eruptive 
styles and magnitudes. In the last two decades, volcano seismic-acoustic 
observations have been used to monitor the volcanic and eruptive activities. 
Especially, at the active volcanoes where Vulcanian eruptions often occur, 
explosive eruptions efficiently excite both seismic and acoustic waves. 
Analyses of these seismic and acoustic waves enable us to understand the 
Vulcanian eruption processes and magma behavior in the conduit and magma 
chamber. In the following two sections, we review previous and recent studies 
to clarify the knowledge on the eruption dynamics revealed from analyses of 
volcanic explosion earthquakes and/or acoustic data, which are associated 
mainly with Vulcanian eruptions period. 
1.1 Seismic waves associated with Vulcanian eruptions 
Kanamori et al. (1984) presented a source model of explosion 
earthquakes from analyses of long-period waves excited by the 1980 eruptions 
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at Mt. St. Helens, USA. They suppose that seismic waves associated with the 
volcanic eruption are excited macroscopically by a vertical downward single 
force, considering that the volcanic eruption is a dynamic release process of 
pressure that has been stored inside a shallow region just beneath a crater. 
Source mechanisms of volcanic explosion earthquakes have been also 
investigated in more detail by analyzing observed seismograms at shorter 
period ranges. Uhira and Takeo (1994) applied a waveform inversion and 
inferred that the source of Sakurajima explosion is produced by the operation 
of two sources: a deep magma source introducing inflation and subsidence of 
the volcano, and a shallow source in which gases separate from a small pod of 
magma. Tameguri et al. (2002) investigated the source process of explosion 
earthquakes at Sakurajima volcano, Japan, by means of a moment tensor 
inversion. They found that the explosion earthquake at Sakurajima volcano is 
initiated by an isotropic expansion followed by a cylindrical contraction 
originating at a depth of 2 km from the crater, and volumetric expansion 
followed by contraction just beneath the crater that accompanies excitation of 
air-shocks. Iguchi (2013) found that the ground deformations associated with 
Vulcanian eruptions at the Showa crater are explained by dual implosive 
sources: a shallow source at a depth of 1.5 km and a deep one at a depth of 
around 4 km.  
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The mechanism that controls the magnitude of explosion earthquakes is 
also studied. Nishimura and Hamaguchi (1993) examined the peak amplitudes 
(F) and source durations (τ) of vertical single forces that excite explosion 
earthquakes recorded at different three volcanoes. They modified the single 
force source model by Kanamori et al. (1984) and found a relation of F ∝ τ2. 
They interpreted that the duration time and peak amplitude of the single force 
are proportional to vent radius and the square of vent radius, respectively. 
Nishimura et al. (1995) further analyzed explosion earthquakes and small 
eruption earthquakes that are classified as low-frequency events, at Mt. Tokachi, 
Hokkaido, Japan, and concluded that the peak amplitude of force is 
proportional to the square of source duration for explosion earthquakes while 
the source duration has a constant value independent of the peak amplitude of 
force for small eruption earthquakes. Zobin et al. (2009) showed the large and 
small explosion earthquakes observed at Colima and Popocatéptel volcanoes 
follow the same tendency of F ∝ τ2, although they are characterized by different 
types of scaling and origin. Nishimura et al. (2016) recently examined the 
frequency distributions of explosion earthquakes and found that they show 
exponential distributions. They interpreted that explosion earthquakes at each 
volcano are controlled by a characteristic scale such as volcanic conduit or 
chamber.  
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1.2 Acoustic waves excited by volcanic eruptions 
In the last 20 years, acoustic wave analyses have increasingly played an 
important role in understanding the eruption dynamics at many volcanoes (e.g., 
Garces and McNutt, 1997; Johnson et al. 2003; Lees et al., 2004).  Acoustic 
waves propagating in the atmosphere acquire the source dynamics in the 
volcanic vent and conduit. The acoustic wave can be quantified by the energy 
release as air pressure so that the acoustic waves excited by eruptions provide 
valuable insight into the eruption dynamics. The acoustic propagation velocities 
in the atmosphere are an order of magnitude slower than seismic velocities in 
the Earth. The acoustic waves during volcanic eruptions have frequency 
spectrum below the low-frequency threshold of human hearing (<20 Hz) 
(Wilson and Forbes, 1969; Kanamori et al., 1994).  
The atmosphere around the volcano may be approximated as a simple 
structure compared to the elastic medium underground through which seismic 
waves propagate (Johnson et al, 2003a). When the source is close to a volcano 
(< 10 km), the propagation path of acoustic waves can be approximated by a 
straight line (Johnson et al., 2006; Ripepe et al., 2007). Hence, volcanic 
infrasound can carry valuable information about the source dynamics without 
significant loss of the source information compared to the seismic source 
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(Vergniolle et al., 1996; Garces and McNutt, 1997; Ozerov et al., 2003; Johnson 
and Lees, 2010).  
Acoustic source models are necessary to extract the underlying physics of 
volcanic eruptions from infrasound observations. The most common source of 
volcanic acoustics is the atmospheric perturbation caused by the explosive 
breakout of volcanic volatiles (Johnson, 2003). The volcanic acoustic source 
must be located at a vent, which has a finite dimension, hence the source 
geometry and frequency dependent diffraction must be considered (Kim and 
Lees, 2011). However, if the source region is much smaller than the wavelength 
of acoustic wave analyzed, the source can be considered as a point without a 
spatial dimension. Such a point source approximation has been widely used in 
volcanic infrasound studies to quantify the acoustic energy produced during 
volcanic eruptions (Johnson et al., 2004; Johnson, 2007; Ripepe et al., 2007; 
Vergniolle et al., 2004).  
Spectral analyses of the acoustic waves excited by volcanic explosion are 
useful for quantitatively understanding of explosive volcanic eruption 
dynamics. Matoza et al. (2009) analyzed the spectra of the infrasonic waves 
during Vulcanian eruption, comparing them with the spectra of jet noise. They 
found that the spectral features of the acoustic waves excited by volcanic 
eruptions are remarkably similar to those of jet noise. They pointed out 
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usefulness of physical noise‐generation mechanisms in audible jet noise from 
flight vehicles (i.e., jet flow from aircraft and rockets) to understand the 
generation of volcanic acoustic waves.  
Acoustic waves are influenced by the geometry of the crater. Lacanna and 
Ripepe (2012) showed the effect of topography on the acoustic wavefield in 
near source condition (<5 km) at Stromboli volcano. They perform the finite 
difference time domain (FDTD) method to model the effects of topography on 
the propagation of the acoustic waves in a two-dimensional space. They 
suggested that diffraction and reflection of topography contaminate the acoustic 
wavefield and have a strong effect in reducing the amplitude and altering the 
waveform. Several studies indicated a utilization of resonant acoustic 
observations to infer crater dimensions and lava lake depth (Fee et al.,2010; 
Goto & Johnson, 2011; Lyons et al., 2016; Richardson et al., 2014). For 
example, Richardson et al (2014) used a resonance model to explain the 
dominant frequencies of acoustic waves observed at Villarrica volcano, Chile, 
by the sound speed and lava lake level. 
1.3 Relationship of seismic and acoustic waves excited by volcanic 
explosions 
Vulcanian eruption concentratedly ejects volcanic materials in its initial 
stage, accompanying not only gas emission and pyroclastic ejection, but also 
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by air shocks and an explosion quake (Ishihara,1985). Vulcanian eruption is 
triggered by a disruption of   a vent cap, and a shock wave (pressure 
discontinuity) travels away from the vent into the atmosphere and a 
decompression-induced fragmentation wave travels downward in the conduit 
(Turcotte et al, 1990; Woods, 1995; Spina et al, 2017). 
 Amplitudes of the seismic and acoustic waves are generally positively 
correlated. Iguchi and Ishihara (1990) compared the acoustic and seismic waves 
produced by large explosions at Sakurajima and Suwanose-jima and small 
explosions at Sakurajima. Overall, the amplitudes of seismic waves increase 
with increasing the amplitude of acoustic waves.  However, when they examine 
a limited amplitude range of the seismic waves [e.g., (5-7) x 10^5 m/s], the 
amplitudes of infrasonic waves produced by the explosions at Suwanose-jima 
are larger than that by small eruptions at Sakurajima and smaller than those 
produced by the large Sakurajima explosions. Okada et al (1990) investigated 
seismic and acoustic waves observed at Tokachi-dake volcano, Hokkaido. They 
showed that the amplitudes of the seismic waves may not a well correlated with 
the amplitudes of acoustic waves when the surface conditions of explosive 
events are different. Tameguri et al. (2002) compared the seismic moment of 
LP phase, which are excited at a very shallow depth beneath the crater at the 
occurrence of Vulcanian explosions, with the amplitude of air-shock. The 
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results show a positive correlation between the seismic moment and amplitude 
of air-shock. 
Lees et al. (2004) showed acoustic and seismic waves that contain a 
sequence of repeating pulses during explosions at Karymsky volcano. These 
are known as chugging. Similarity recognized in acoustic and seismic waves 
suggests that these signals originate from a common source, and they 
interpreted that the quasi-periodic signals are possibly excited in the top 100 m 
of the magma conduit.  
Since the volcanic explosion occurs at a shallow depth just beneath the crater, 
the volcanic explosion radiates the energy into the atmosphere and underground. 
Study on relation between seismic and acoustic waves is necessary for better 
understanding the explosive phenomena.  
1.4 Spectral ratio method 
Aki (1967) proposed a scaling law of seismic source spectra, in which the 
stress drop has a constant value independent of the earthquake magnitude, 
assuming two kinematic models: 𝜔-square and 𝜔-cube models. The 𝜔-cube 
model presented by Haskell (1966) shows that the spectral density at frequency 
of 1 Hz and higher is same for all magnitudes greater than 5.5. On the other 
hand, the 𝜔 -square model indicates that spectral amplitude increases with 
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magnitude at all frequency (Aki, 2002). Seismic moment, 𝑀0,  is inversely 
proportional to the cube of corner frequency, 𝑓𝑐, for tectonic earthquakes (e.g., 
Kanamori and Anderson, 1975). Such scaling has been supported by many 
studies (e.g., Ide et al., 2003; Imanishi et al., 2004).  
Spectral ratio methods have been used to evaluate difference between the 
source spectra of two earthquakes that locate closely to each other (e.g., Izutani 
and Kanamori, 2001; Izutani, 2005). The spectral ratio method can eliminate 
the path and site effects included in observed waveforms and can retrieve 
source spectrum of a slave earthquake by assuming that the source spectrum of 
a master event is known. Izutani (2005) calculated spectral ratios of direct S-
waves between a main shock of Niigata earthquake in October 23, 2004 and its 
aftershocks, empirically removing the effects of wave propagation path and 
surface layers at the stations, to obtain the source spectral characteristics. 
Izutani and Kanamori (2001) examined the large and small shallow strike-slip 
earthquakes which occurred in the south-western part of Japan to estimate the 
seismic energy from the source spectra estimated by their spectral ratios. They 
showed that the ratio of the seismic energy to the seismic moment increases 
with the earthquake magnitude, which may provide an important clue to the 
difference in dynamic source process of large and small earthquakes. 
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 Mayeda et al. (2007) extended the spectral ratio method to S coda waves of 
tectonic earthquakes observed at Hector mine, USA, and indicated that the 
spectral amplitude ratios of the coda waves can retrieve the source information 
more stable than those of direct waves. This is because coda waves consist of 
scattered waves that widely propagate in the heterogeneous structure while 
direct waves propagate in the structure along the paths between source and 
station so that the effect of source location difference are weakened for coda 
waves. Harrington et al. (2015) analyzed volcano-tectonic earthquakes at Mt. 
St. Helens, USA, and found that the scaling relation in the source parameters 
of the volcano-tectonic earthquakes is similar to that of general tectonic 
earthquakes that occur in non-volcanic regions. 
1.5 The purposes of this study  
For the source of volcanic eruptions, Nishimura and Hamaguchi (1993) 
presented a scaling law of the explosion earthquakes at several volcanoes in 
which the peak amplitude of single force is proportional to the square of crater 
radius, while source duration is proportional to crater radius. However, there 
are a few studies that examine differences in the source processes between large 
and small explosion earthquakes occurring at a same volcano. This is probably 
because small to moderate earthquakes mainly excite short period waves that 
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are scattered and/or attenuated by heterogeneous structures and are amplified 
by shallow structure just beneath the stations. To overcome the difficulty to 
retrieve source spectra from seismic waves affected by structural 
heterogeneities, we use a spectral ratio method. This method has not been 
applied to the seismic waves associated with volcanic eruptions, contrary to 
tectonic earthquakes that are investigated by many previous studies. 
This study examines the volcanic explosion earthquakes, which are excited 
by Vulcanian eruptions. Using spectral ratio method, we clarify the source time 
function differences between large and small volcanic explosion earthquakes. 
Since Vulcanian eruptions also generate acoustic waves, we apply the method 
to acoustic waves excited by volcanic explosions to understand the source 
processes of acoustic waves. We analyze the seismic and acoustic waves 
observed at two volcanoes in Japan, which are Sakurajima and Shinmoe-dake 
volcanoes, and we discuss their source mechanisms. In Chapter 3, we first 
examine basic characteristics of the observed waveform and spectra of seismic 
and acoustic waves observed at the two volcanoes. Subsequently, we explain 
the concept of spectral ratio method and examine the method for both seismic 
and acoustic waves. In Chapters 3 and 4, we apply spectral ratio method to the 
data of both Sakurajima and Shinmoe-dake volcanoes. We clarify the 
characteristics of spectral amplitude ratios of volcanic explosion earthquakes 
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by applying the spectral ratio method to the direct waves and coda waves. The 
spectral amplitude ratios are also examined for the acoustic waves during 
Vulcanian eruptions. In addition, we examine temporal change of the radiations 
of acoustic and seismic waves. In Chapter 5, we discuss the characteristic of 
spectral ratios of seismic and acoustic waves for both volcanoes understand the 
generation mechanisms of seismic and acoustic waves. We conclude the 
present study in Chapter 6. 
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Chapter 2 
Data and Method 
2.1 Seismic and acoustic stations and data 
We use seismic and acoustic data recorded at the stations operated by 
Japan Meteorological Agency (JMA) at Sakurajima and Shinmoe-dake 
volcanoes. The stations of JMA at Sakurajima volcano are located at horizontal 
distances ranging from 2.8 to 11.3 km away from the active crater (Showa 
crater) (see Figure 2.1.1 and Table 2.1.1). The data recorded at six stations 
SKRB, SKRC, SKRD, SFT2, SKA2 and SKD2 are analyzed. We do not 
analyze the explosion data recorded at SKRO station due to high noise level. 
Each of the seismic stations is equipped with a short-period three component 
seismometer with a natural frequency of 1 Hz. Signals are recorded with a 
sampling frequency of 100 Hz and an A/D resolution of 24 bits. Acoustic waves 
are measured by infrasonic microphones (ACO Ltd., Type 7144, 0.1-100 Hz). 
We analyze 1,241 seismic and acoustic events associated with Vulcanian 
eruptions that are observed during the period from January 2012 to December 
2013 when most of the explosions occurred at the Showa crater.  
We use one seismic and acoustic station (KITK) during 2011 Shinmoe-
dake eruption. The KITK station is located at a horizontal distance of about 5 
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km from the active crater (Shinmoe-dake crater) (see Figure 2.1.2). The seismic 
station is equipped with a short-period three component seismometer with a 
natural frequency of 1 Hz. Signals are recorded with a sampling frequency of 
100 Hz and an A/D resolution of 24 bits. Acoustic waves are measured by an 
infrasonic microphone. We analyze 10 seismic events associated with 
Vulcanian eruptions during the period from January 2011 to March 2011. 
Because of signal to noise ratios, we only analyze 4 acoustic events during the 
same period. 
2.2 Characteristics of seismic and acoustic waves excited by Vulcanian 
eruptions at Sakurajima and Shinmoe-dake 
Figure 2.2.1 (top) shows examples of waveforms of explosion earthquakes 
(here after called EXs) at Sakurajima volcano at two different stations. The 
amplitudes of EXs increase for about 5 to 10 s from their onsets, reach the 
maximum, and then, gradually decrease with time. EXs do not show clear P-
wave nor S-wave. Duration time of EXs is about 40 s or more. Some EXs show 
large amplitudes twice at the early lapse time in the durations. Figure 2.2.1 
(bottom) shows amplitude spectra of EXs. The dominant spectral peaks are 
about 1-2 Hz. Although the waveforms of EXs are not similar to each other like 
repeating earthquakes and earthquake family (e.g. Uchida et al., 2003; 
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Hamaguchi and Hasegawa, 1970), the waveforms show common features in 
duration time and frequency contents.   
Figure 2.2.2 (top) shows examples of acoustic waves associated with 
Vulcanian eruptions at Sakurajima volcano at two different stations. The 
waveforms are characterized by the amplitudes that rapidly increase for a few 
second from the onset, and then decrease with time. In general, the duration 
time of acoustic waveform is shorter than that of the seismic one. The 
waveforms of acoustic wave probably look less complicated than the seismic 
waveforms. Figure 2.2.2 (bottom) shows amplitude spectra of acoustic signals. 
The dominant spectral peaks of acoustic waves are about 0.4-0.5 Hz.  
Figures 2.2.3 shows some examples of velocity seismograms of explosion 
earthquakes recorded at Shinmoe-dake volcano (KITK station). Observed 
waveforms of EXs do not generally show clear P-wave nor S-wave. Seismic 
waves gradually increase their amplitudes for about 5 s or more from the onset 
times, reach the maximums and then gradually decrease with time. According 
to the observed waveform, the duration times of seismic waves are shorter than 
those of EXs at Sakurajima volcano. The spectral peak of EXs is observed at 
about 1-2 Hz, which is similar to the spectral peaks of EXs at Sakurajima 
volcano. 
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Figure 2.2.4 shows some examples of acoustic waveforms associated with 
Vulcanian eruptions at KITK station. The waveform of acoustic waves can be 
characterized by a rapid increase of amplitude for a few second followed by 
gradual decrease. The spectral peak is about 0.2-0.3 Hz, which is smaller than 
the spectral peak at Sakurajima volcano.  
Spectra of seismic and acoustic waves at different stations are not the same 
even for a same event (see bottom Figures 2.2.1 and 2.2.2). This suggests that 
the spectra of these signals are much affected by propagation and site effects. 
This motivates us to apply the spectral ratio method to cancel those effects to 
retrieve the source information from the observed seismic and acoustic waves. 
2.3 Spectral ratio method  
Spectral ratio methods are powerful enough to clarify the seismic source 
difference of co-located events without being disturbed by heterogeneous 
structure (e.g. Mayeda et al., 2007; Mayeda and Malagnini, 2010). The concept 
of these methods is to retrieve only the source information by eliminating the 
effects of propagation, site effects, and an instrument response from observed 
seismograms. 
Spectrum of the waveform of large tectonic earthquake is characterized by 
a large amplitude at low frequency range and a small corner frequency while 
that of small tectonic earthquake by a small amplitude and a large corner 
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frequency (Brune,1970). Hence, when we examine spectral ratio of two 
tectonic earthquakes, the shape of spectral ratio is expected to show the  
following characteristics: the amplitude ratio become flat with a large 
amplitude at the frequency range lower than the corner frequency of a large 
earthquakes; the ratio become flat with a small amplitude at the frequency range 
higher than the corner frequency of a small earthquake; the ratios gradually 
decrease in the middle frequency range from the large to small amplitudes. In 
case of explosion earthquakes, it is not known what characteristics are 
recognized in the spectral ratio. However, the spectral ratio method can be 
applied as same to tectonic earthquakes. Figure 2.3.1 shows a conceptual model 
of propagation of waves of explosion earthquakes and volcanic acoustics. In 
the followings, we briefly explain the spectral ratio method for seismic waves. 
Observed seismic signals can be expressed in the frequency domain as 
follows; 
O(𝜔)=S(𝜔) G(𝜔) F(𝜔) I(𝜔) , 
where 𝜔 is the angular frequency, O(ω) is the observed waveform spectrum, 
S(ω) the source spectrum, G(ω) the propagation factors including attenuation, 
F(ω) the site spectrum, I(ω) the instrument response, respectively.  
When two hypocenters are closely located to each other, the propagation 
factors, G, of the two events can be assumed to be the same: 
…… (1) 
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𝐺𝑖,𝑘
𝑝 (𝜔) ≅ 𝐺𝑗,𝑘
𝑝 (𝜔), 
where 𝑖  and j represent the events, 𝑘  the station, 𝑝  the component of 
seismometer. Also, since the two events are recorded at the same station, 
𝐹𝑖,𝑘
𝑝 (𝜔) ≅ 𝐹𝑗,𝑘
𝑝 (𝜔) and 𝐼𝑖,𝑘(𝜔) = 𝐼𝑗,𝑘(𝜔). Therefore, the spectral ratio for the 
two events recorded at the k-th station can be expressed by: 
𝑅𝑖,𝑗,𝑘
𝑝 (𝜔) =
𝑂𝑖,𝑘
𝑝
(𝜔)
𝑂𝑗,𝑘
𝑝
(𝜔)
≅  
𝑆𝑖
𝑝(𝜔)
𝑆𝑗
𝑝(𝜔)
, 
This indicates that the spectral ratio is expressed only by the source spectra of 
the two earthquakes.  
As shown in the following chapter, the spectral amplitude ratios for two 
EXs are often fluctuating, compared with the results obtained for tectonic 
earthquakes. This may be because the maximum amplitudes of EXs are 
distributed in a small range of within one order (see Figure 3.2.3 in Chapter 3). 
In the present study, therefore, using a large number of EXs, we classify EXs 
into several classes according to the maximum amplitude. Since the amplitude 
distribution of explosion earthquakes does not change significantly in our 
analysis, then we stack the spectra of all EXs in each class to obtain its averaged 
spectra: 
…… (2) 
…… (3) 
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𝑂𝑙,𝑘
𝑝̅̅ ̅̅ ̅(𝜔) =
1
𝑁𝑙
∑ 𝑂𝑖,𝑘
𝑝 (𝜔)
𝑁𝑙
𝑖=1
, 
where 𝑙 is the classification of events, 𝑁𝑙 is the number of events in class 𝑙, 𝑖 
represents the EX belonging to class 𝑙. We use the following equation to obtain 
an averaged spectral ratio by using three components seismograms at all 
stations: 
𝑅𝑞,𝑙̅̅ ̅̅ ̅(𝜔) =
1
𝑁𝑝𝑁𝑘
∑ ∑
𝑂𝑞,𝑘
𝑝̅̅ ̅̅ ̅̅ (𝜔)
𝑂𝑙,𝑘
𝑝̅̅ ̅̅ ̅(𝜔)
𝑁𝑝
𝑝=1
𝑁𝑘
𝑘=1 , 
where, 𝑁𝑝 is the number of components and 𝑁𝑘 the number of stations. 
Acoustic signals are also analyzed by using the above-mentioned method 
and equations. 
2.4 Data selection of acoustic waves excited by volcanic explosion 
We examine hundreds of acoustic events at Sakurajima volcano by using 
spectral ratio method. Our preliminary result, which is shown in Chapter 3, 
shows that estimated spectral amplitude ratios are different for different stations 
(see Figure 3.3.3 in Chapter 3). This implies that the propagation and site effects 
are not effectively removed. To clarify the reason why the spectral ratio method 
does not work, we suppose that temporal variations of the wind in the 
…… (4) 
…… (5) 
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atmosphere around the crater and volcano change the propagation paths of 
acoustic waves. For example, Lacanna et al (2014) examined such effects by 
simulating acoustic wave propagation using a two‐dimensional finite difference 
method (2‐D FDTD). Simulating the acoustic waves propagating for about < 
60 km from Sakurajima volcano to Kirishima volcano under a wind condition 
and no-wind condition, they showed acoustic wave propagation between the 
two conditions. This result indicates that the propagation paths of acoustic 
waves changes due to wind condition. 
In the present study, therefore, we use the acoustic signals when the wind is 
weak enough. To select the events, we use assimilation wind data from 
European Centre for Medium-Range Weather Forecasts (ECMWF) (Bao et al, 
2012; Song et al, 2014). The assimilated wind data are obtained from reanalysis 
of the global atmosphere covering the data-rich period since 1979. Time 
resolution is 6 hours, and spatial resolution is 0.125°x 0.125°. The procedure 
of assimilated wind data extraction from the database can be explained as 
follows. First, we select and extract the wind data around the Sakurajima 
volcano at a location with longitude 130°62′  E - 130° 74′  E and latitude 
31°54′ N - 31° 62′ N. Second, we select and extract the wind data at different 
elevations that correspond to atmospheric pressure level (see Figure 2.4.1 and 
2.4.2). We select the wind data starting from 31 m of a.s.l (minimum depth) up 
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to 800 m of a.s.l (crater elevation). An example of simulated wind extraction 
can be seen on Figure 2.4.3. At last, we select the acoustic events that occur 
during the low wind speed condition, in which wind speed is less than 3.3 m/s. 
That speed is characterized as light breeze (Beaufort wind scale). The Beaufort 
wind scale can be described on table 2.4.1. 
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Figure 2.1.1. Map of seismic and acoustic stations of JMA. Red triangle 
represents the location of Showa crater. Blue, black and red rectangles 
correspond to seismic-acoustic, only seismic and only acoustic stations, 
respectively. SKRO station is not used in the present study. 
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Figure 2.1.2. Map of a seismic and acoustic station at Shinmoe-dake volcano. 
Red triangle represents the location of Shinmoe-dake crater. KITK station 
shown by black rectangle. 
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Fig.2.4.1. Snapshots of wind data simulation at Kyushu island on March 15th, 
2012, at a range time of 06.00-12.00 AM JST for four elevations. 
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Fig.2.4.2. Snapshots of wind data simulation at Kyushu island on August 8th, 
2012, at a range time of 00.00-06.00 AM JST for four elevations. 
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Chapter 3 
Data Analyses of Sakurajima Volcano 
3.1 Introduction 
Explosive eruptions of Vulcanian style, which is characterized by 
instantaneous emission of volcanic block, ash, and gases, have been 
frequently occurring at Sakurajima volcano since 1955 (Kamo and Ishihara, 
1989), and a large number of explosion earthquakes are recorded at nearby 
stations located on the volcano flank (e.g., Iguchi et al., 2013). Their 
hypocenters are concentrated within a radius of 200 m at depths of 1 to 3 km 
beneath the summit crater (Minamidake) (Ishihara, 1988; Iguchi, 1994). 
Figure 3.1.1 shows volcanic activity reported by JMA during the time period 
from January 2012 to December 2013. Blue bars represent the monthly 
numbers of volcanic earthquake without explosion (A-type, B- type 
earthquake, etc.) and cyan bars represent those of explosion earthquakes. 
1,746 explosion earthquakes are observed during 2012 -2013. The largest 
number of volcanic earthquakes is 425 in August 2013, and that of explosion 
earthquakes is 175 in January 2012. On the other hand, the smallest number 
of volcanic earthquakes is 25 in December 2012, and that of explosion 
earthquakes is 20 in June 2013. Since hundreds of Vulcanian eruptions are 
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observed, we evaluate the magnitude of Vulcanian eruptions by the 
maximum amplitudes of explosion earthquakes.  
3.2 Seismic data processing 
Figure 3.2.1 shows some examples of velocity seismograms of explosion 
earthquakes recorded at SKRB station. Observed waveforms of EXs do not 
generally show clear P-wave and S-wave, neither on the vertical component nor 
on the horizontal ones. This is because S-P time is expected to be less than 
about 1 s and low-frequency waves of a few Hz are dominant and/or the source 
mechanism is different from the faulting. Seismic waves gradually increase 
their amplitudes for about 10 s or more from the onset times, reach the 
maximums and then gradually decrease with time. Most of the explosion 
earthquakes show similar characteristics in waveform. Figure 3.2.2 shows 
examples of large and small explosion earthquakes. Both explosion earthquakes 
present dominant spectral peaks at about 1–2 Hz. The amplitude spectra 
increase with frequency up to 1–2 Hz, and gradually decrease with increasing 
frequency. 
We calculate spectra of each EX every 10 s from the onset time (0 s) of 
the waveforms until 50 s. Each spectrum is calculated for a time window of 10 
s with a 10% cosine taper (Tukey window). To understand the scaling relation 
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of large and small Vulcanian eruptions, we calculate spectral amplitude ratios 
of some pairs of EXs. However, the amplitude spectrum is scattered to see some 
basic characteristics. To stabilize the spectral amplitude ratio, we classify the 
EXs into five classes according to their maximum amplitudes at SKRB station: 
class I (the maximum amplitude of 5 × 102–8 × 102μm/s), class II (8 × 102–
11 × 102  μm/s), class III (11 × 102 –14 × 102 μm/s), class IV (14 × 102 –
27 × 102μm/s) and class V (27 × 102–72 × 102μm/s). We do not analyze 
small EXs with amplitude of <5 × 102μm/s, which is closer to the noise level. 
Figure 3.2.3 shows the ranges of these five classes on the frequency distribution 
of the maximum amplitudes of EXs. Note that class V consists of only 8 EXs 
in which the largest one is much larger than the others.  
We stack the spectra of all EXs in each class every 10 s and calculate the 
spectral amplitude ratios of large classes (Class V, IV, III and II) to the smallest 
class (Class I) by using eq. (5).  
3.3 Acoustic data processing 
We do the same procedure for acoustic data analyses as the seismic data 
processing. Since the acoustic waves show shorter durations than the seismic 
ones, we calculate the spectral amplitude ratios for the initial and later parts of 
the acoustic waves (see Figure 3.3.1a) by shifting a time window of 10 s every 
5 s from 1 s before the onset of acoustic wave. We analyze the acoustic wave 
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up to 20 s from the onset during which the signal to noise ratios are good to 
obtain reliable spectral amplitude ratios (see figure 3.3.1b and c). 
First, we classify all of the acoustic waves (that is, including not weak 
wind data) into four classes according to their maximum amplitudes: class I 
(the maximum amplitude of 2-3.5 Pa), class II (3.5-5 Pa), class III (5-6.5 Pa), 
and class IV (6.5-11 Pa) (see figure 3.3.2).  We do not analyze small acoustic 
events with maximum amplitude of <2 Pa, which is closer to the noise level. 
We stack the spectra of all acoustic waves in each class every 10 s and calculate 
the spectral amplitude ratios of large classes (Class IV, III and II) to the smallest 
class (Class I). 
Figure 3.3.3 shows the examination of spectral ratio method to acoustic 
signal that are recorded during January 2012 to December 2013. The results 
using all acoustic data show that the spectral amplitude ratios of acoustic signals 
are not same among the three different stations. Such feature is observed for 
different lapse times. As mentioned in chapter 2, this is probably because the 
propagation paths of acoustic waves are disturbed by the wind around the crater 
and volcano. Hence, we select the acoustic events that were recorded during 
low wind speed (<3.3 m/s) in our analysis. Since we only select the acoustic 
events that occurred during low wind speed condition, the total number of 
acoustic events is small (264 events out of 1241 available events). The acoustic 
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events are classified by their maximum amplitudes: Class I (the maximum 
amplitude of 2-3.5 Pa), class II (3.5-5 Pa), class III (5- 6.5 Pa), and class IV 
(6.5- 11 Pa) (See Figure 3.4.3). We do not analyze small acoustic events with 
an amplitude of < 2 Pa, which are closer to the noise level. 
3.4 Spectral ratio analyses of seismic waves 
3.4.1 Observed spectral ratios 
Figure 3.4.1.1 shows examples of the observed spectral amplitude ratios 
of EXs (hereafter, seismic spectral amplitude ratio) between Class IV and Class 
I for direct and coda waves, respectively. The observed spectral amplitude 
ratios for direct waves (from the onset to 10 s) are almost same for all 
components and all stations. Similarly, the observed spectral amplitude ratios 
for coda waves are almost same. These results indicate that the spectral ratio 
method can effectively eliminate the propagation, site, and instrument factors, 
and the source spectral difference of EXs among the Classes are retrieved. 
Figure 3.4.1.2 shows the observed spectral amplitude ratios for different 
classes for elapsed times at 0-10s, 10-20s, 20-30s, 30-40s and 40-50s. We do 
not interpret the spectral amplitude ratio at frequencies of < 0.5 Hz and >10 Hz 
because of low signal to noise (S/N) ratios (see Figure 3.3.2b and c). The 
spectral amplitude ratios of classes II, III, IV to the smallest class I (hereafter, 
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indicated as Class IV/I, Class III/I, and Class II/I, respectively) are indicated 
with lapse time. Red, blue and green represent the spectral amplitude ratios of 
the Class IV/I, III/I, II/I, respectively. The spectral amplitude ratios of Class 
IV/I (red curve) is higher than those of class III/I (blue curve) and Class II/I 
(green line). These behaviors are observed for all lapse time windows from 0 s 
to 50 s. 
Figure 3.4.1.3 shows the spectral amplitude ratios at different lapse times 
for the four classes. The observed spectral amplitude ratios of Classes IV/I, III/I 
and II/I show several characteristic features: almost constant amplitude ratio at 
a low frequency range (about 0.5 Hz–2 Hz); a gradual decrease with frequency 
at an intermediate frequency range (about 2 Hz–3.5 Hz); almost constant 
amplitude ratio at a high frequency range (about 3.5 Hz–10 Hz). It can be 
clearly observed that the spectral amplitude ratios become smaller with 
increasing lapse time.  
The spectral amplitude ratios of Class V/I are much fluctuated and 
scattered especially for the lapse time of 0–10s. This is probably because of the 
small number of stacked EXs, but we may see similar characteristics recognized 
in the other classes. Figure 3.4.1.4 shows some examples of spectral amplitude 
ratios that are calculated from a pair of two EXs (i.e., not stacked one). 
Characteristics mentioned above are roughly recognized, but the spectral 
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amplitude ratios are much scattered so that we use the stacked ones for the 
following analyses.  
Change of seismic spectral amplitude ratios is also recognized in the 
envelope seismograms (Figure 3.4.1.5). Figure 3.4.1.5(a) shows the envelopes 
in which EXs of Class IV or Class I are stacked. The relative amplitude of 
Classes IV to I decrease with time, alternatively, the amplitude differences 
between Classes IV and I become smaller with time. Figure 3.4.1.5 (b) shows 
that the coda decay rates are steeper in large class (IV and III) than small classes 
(II and I), as the later coda levels of Classes II, III and IV tend to approach to 
the levels in late coda of Class I. Figure 3.4.1.5 (c) shows that the ratio of 
narrowband envelope stacked for Class IV and Class I. The figure shows that 
the spectral amplitude ratios of Class IV/I decrease as function of time. 
3.4.2 Quantification of spectral ratios 
We simplify the observed spectral amplitude ratios to quantitatively 
evaluate their characteristics by measuring the amplitude ratios and corner 
frequencies for both the low and high frequency ranges (see Fig. 3.4.2.1(a)). 
We do not measure these parameters of largest EXs (Class V/I), because the 
number of stacked EXs is insufficient to obtain stable results. The spectral 
amplitude ratios and corner frequencies at the low and high frequency ranges 
41 
 
are visually measured and are summarized in Fig. 3.4.2.1(b) and (c). For the 
direct waves at a lapse time of 0–10 s, the observed spectral amplitude ratios at 
the low frequency range are 2.4, 1.8, and 1.5 for Classes IV/I, III/I and II/I, 
respectively. The difference of spectral amplitude ratios between Classes IV/I 
and III/I is about 0.6, while that between Classes III/I and II/I is about 0.3. The 
amplitude ratios gradually decrease with lapse time, keeping these differences 
of the amplitude ratios between the three classes for 50s. Similar characteristics 
are also found for the amplitude ratios at the high frequency range: the 
amplitude ratios are 1.8, 1.5 and 1.3 for Class IV/I, Class III/I and Class II/I, 
respectively. Corner frequencies at the low and high frequency ranges are about 
2 Hz and 3.5 Hz, respectively, which are almost constant although a slight 
decrease may occur at the low corner frequency (1.8 Hz to 1.2 Hz) at the lapse 
time of >40s. 
3.4.3 Error estimation of spectral ratios 
We calculate standard errors of the averaged spectral amplitude ratios for 
different classes every 10 s time window. Assuming that spectra of explosion 
earthquakes are uncorrelated to each other, we calculate standard error of the 
spectra for each component, each station and each class in log scale. Then, we 
calculate the average of standard error of each class for all components and all 
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stations. Figures 3.4.3a-c show the averaged spectral amplitude ratios and their 
standard errors for Class IV/I, Class III/I and Class II/I, respectively. The 
standard errors at low frequency  range (1 -2 Hz) for Classes IV/I, III/I and II/I 
are about 20 %, 17 %, and 20 % of their averages of spectral amplitude ratios, 
respectively, while standard errors at high frequency range (4.5 – 10 Hz) for 
Classes IV/I, III/I and II/I are about 40 %, 30 % and 25 % of their averages of 
spectral amplitude ratio, respectively. 
3.4.4 Reliability of spectral ratios 
Signal to noise ratio (hereafter called S/N) may affect the observed 
temporal change of spectral amplitude ratio, especially on the results obtained 
from coda waves. In the present section, we examine the noise contribution to 
the observed spectral amplitude ratio. We do not interpret the result at 
frequency < 0.5 Hz and frequency > 10 Hz due to low signal noise ratio. Figure 
3.4.4 a-d shows S/N for Class IV, Class III, Class II, Class I) at different lapse 
time. For Class IV, S/N at low frequency range (0.5-2Hz) are about 100 times, 
90, 40, 20 and 10 at lapse times of 0-10 s,10-20 s, 20-30 s, 30-40 s and 40-50 s, 
respectively. On the other hand, S/N at high frequency range (3.5-10 Hz) are 
about 40, 40, 10, 5 and 3 at lapse times of 0-10 s, 10-20 s, 20-30 s, 30-40 s and 
40-50 s, respectively. Since the coda wave amplitude decreases with time, S/N 
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comes to decrease with lapse time. This characteristic is also observed for Class 
III, Class II and Class I, in which the ratios become smaller for smaller classes. 
We examine how the S/N affects the observed spectral amplitude ratio.  
Spectral amplitude ratio, X, obtained from the data with noise can be expressed 
as follows; 
 
 
 
 
where A is the amplitude of reference class, B is that of the target class, C is the 
amplitude of noise, and s is the signal to noise ratio of the reference (i.e., s=A/C).  
We examine the effects of noise, using the results of Class IV/I. First, we 
suppose that the observed spectral amplitude ratios at lapse time of 10-20 s, 
which shows the largest S/N, is almost noise free and is used as B/A.  Then, we 
substitute the observed S/N at each lapse time shown in Fig. 3.4.4. Figure 3.4.5 
compares the observed spectral amplitude ratios (Class IV/I) (red line) and the 
spectral amplitude ratio calculated by using noise amplitude (yellow line), 
respectively. We calculate the spectral amplitude ratios estimated from the ratio 
at lapse time of 10-20 s which has a best S/N. As the lapse time increases, with 
the estimated spectral amplitude ratio decreases. This means that low S/N 
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decreases the observed spectral amplitude ratio. For example, the estimated 
ratios at a lapse time of 40-50 s is about 7 % of the observed ratios at 10-20 s 
around 1- 2Hz. Since S/N is lower at high frequency range of 3.5-10 Hz, the 
estimated ratio is about 10 % of the observed one. However, the estimated 
decreases of spectral amplitude ratios are smaller than the observed ratios 
(compare Figs. 3.4.5 and 3.4.1.3 (b)). For example, the observed ratios at 40-
50 s is about 19 % and 11 % of that at 10-20 s, for 1-2 Hz and 4-10 Hz, 
respectively. This suggests that the observed decreases of spectral amplitude 
ratios with lapse time are not caused only by the noise effects. Alternatively, 
the source of EXs changes with time during Vulcanian eruptions. 
3.5 Spectral ratio analyses of acoustic waves 
3.5.1 Observed spectral ratios during low wind speed 
Figure 3.5.1.1 shows the examination of the spectral ratio method on 
acoustic signals during low wind speed (<3.3 m/s). The spectral ratios of 
acoustic waves (hereafter, acoustic spectral amplitude ratio) at different stations 
are similar to each other during all the time windows set for 0-20 s from the 
onsets. This suggests that the method is applicable to the acoustic waves excited 
by volcanic explosion when low wind speed condition. 
Figure 3.5.1.2 shows the observed spectral amplitude ratios for different 
classes. The spectral amplitude ratios of Classes II, III, IV to the smallest class 
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are indicated with lapse time. These behaviors are observed for all lapse time 
windows from 0 s to 20 s. The spectral amplitude ratios of acoustic waves are 
almost characterized by flat amplitude ratio at frequency range of about 0.1-10 
Hz. This characteristic is observed in the spectral amplitude ratio result for 
different classes. This characteristic is much different from the spectral 
amplitude ratios of seismic waves. The observed spectral amplitude ratios at 
the initial waves (0-10 s) seem to be slightly larger than those at the later parts 
of the acoustic waves. Also, the spectral amplitude ratios of the initial waves 
seem to show slightly larger ratios at higher frequency range. On the other hand, 
the spectral amplitude ratios overlap each other at the later lapse times (5-15 s 
and 10-20 s). 
Figure 3.5.1.3 shows the observed spectral amplitude ratios of acoustic 
waves for different classes using longer time windows (0-20 s). The spectral 
amplitude ratios of Class IV/I (red curve) is higher than those of Class III/I 
(blue curve) and Class II/I (green line), while the characteristics of those ratios 
are almost flat for different classes. 
3.5.2 Error estimation of spectral ratios 
We calculate standard errors of the averaged spectral amplitude ratios of 
the acoustic waves. We use the same procedure as the seismic standard error 
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calculation. We calculate the standard errors of spectral amplitude ratios for 
each station and each class in log scale. Then, we calculate the average of 
standard errors for all stations to obtain the standard error of each class. 
Figures 3.5.2 shows the averaged spectral amplitude ratios and standard 
errors for different classes. The standard errors at frequency range of 1-10 Hz 
are about 23 % of the spectral amplitude ratios for Class IV/ I, those for Class 
III/I are about 17 %, and those for Class II/I are about 16 %. The standard errors 
indicate that the spectral amplitude ratios at 0-10 s are different from those at 
5-15 s and 10-20 s.  
3.6 Temporal changes of acoustic and seismic wave radiations 
We examine temporal change of the radiations of acoustic and seismic wave 
during the Vulcanian eruptions, giving attentions into the energy distributions 
in time between the acoustic and seismic waves. The procedure for calculating 
the temporal change of radiation of these waves is given as follows; First, we 
apply band-pass filter to the observed acoustic and seismic waves, and then 
calculate the mean square envelopes of acoustic waves and three component 
seismic signals recorded at each station. Secondly, we normalize each envelope 
of acoustic waves by its maximum value, and then stack the normalized 
envelopes for all stations and all events. We apply the same procedure to the 
envelopes of seismic waves. Finally, we calculate the amplitude ratios of the 
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normalized acoustic envelope to the normalized seismic envelope. Temporal 
changes of the ratios are calculated for the frequency ranges of 0.5-1 Hz, 1-2 
Hz, 2-4 Hz and 4-8 Hz.  
Figures 3.6.1a and 3.6.1b shows examples of the normalized seismic 
(vertical component only) and acoustic envelopes for 0.5-1 Hz, 1-2 Hz, 2-4 Hz, 
and 4-8 Hz frequency bands at SFT2 station. The seismic envelopes gradually 
decrease the amplitudes for about 50 s and continue for more than 100 s. 
Contrary, acoustic envelopes show rapid decreases of amplitudes for about 20-
30 s, and merge into the noise level. These characteristics are observed for the 
other frequency bands. At low frequency band (0.5-1 Hz), signal to noise ratio 
of the seismic envelope is reliable more than 130 s from the onset, while 
acoustic envelope is reliable at about 30 s. Signal to noise ratios of seismic 
envelopes at frequency bands 1-2 Hz, 2-4 Hz and 4-8 Hz are good for the lapse 
time of >130 s, 130 s, 50 s from the onset, respectively. On the other hand, 
signal to noise ratio of acoustic envelopes are good at about 25 s, 25 s, and 20 
s from the onset at 1-2 Hz, 2-4 Hz and 4-8 Hz, respectively. 
Figure 3.6.2 shows temporal changes of the amplitude ratios of the 
normalized acoustic envelopes to the normalized seismic envelopes for the four 
frequency bands at SFT2 station. When calculating the ratios, the onset times 
of acoustic waves are set at the onset times of seismic waves. Characteristic of 
48 
 
temporal changes of the ratios can be described as follows; the ratios rapidly 
decrease for 10 s from the onset, and keep the minimum values for about 10-20 
s with gradual decreases. Since then, the seismic waves are dominant because 
the acoustic waves are not well recorded beyond the noise level. 
3.7 Summary 
We summarize the results of seismic and acoustic events associated with 
a large number of Vulcanian eruptions at Sakurajima volcano for the period 
from 2012 to 2013. The characteristics of the observed spectral amplitude ratios 
of explosion earthquakes associated with Vulcanian eruption can be described 
as follows; spectral amplitude ratio is flat at low frequency range (ca. 0.5-2 Hz), 
gradually decreases at an intermediate frequency range (ca. 2-3.5 Hz), and 
becomes flat at high frequency range (ca. 3.5-10 Hz). On the other hand, the 
observed spectral amplitude ratios of acoustic waves excited by Vulcanian 
explosion are flat at a wide frequency range (ca. 0.1-10 Hz). The spectral 
amplitude ratios of explosion earthquakes show temporal changes that are not 
observed in the spectral amplitude ratios of tectonic earthquakes. The spectral 
amplitude ratios of acoustic waves in the initial part are slightly larger than 
those in the later parts, although the duration of acoustic waves is short (20-30 
s).  
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Figure 3.2.1 Examples of normalized vertical-component velocity seismograms 
of explosion earthquakes recorded at SKRB station. Date and time of the events 
are shown on the right.  
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Figure 3.2.2. (a) Vertical component velocity seismograms of large and small 
explosion earthquakes recorded at SKRB station. Date and time of the events 
are shown on the right. (b) Amplitude spectra are calculated for the direct waves. 
(c) Amplitude spectra are calculated for the late coda.  
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Figure 3.2.3. Frequency distribution of the maximum amplitude of EX for the 
vertical component at SKRB station. Blue circles represent the cumulative 
number of EXs events in the log-log scale. Arrows indicate the amplitude 
ranges for stacking events. 
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Figure 3.3.1 (a) Pressure records of large and small acoustic wave excited by 
volcanic explosion recorded at SFT2 station. Date and time of the events are 
shown on the right. Amplitude spectra are calculated (b) for the initial acoustic 
wave, (c) for the middle acoustic wave, and (d) for the later acoustic wave.  
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Figure 3.3.2. Frequency distribution of the maximum amplitude of acoustic 
events at SFT2 station. Blue circles represent the cumulative number of 
acoustic events in the log-log scale. Arrows indicate the amplitude ranges for 
stacking events. 
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3.3.3. Spectral amplitude ratios at three stations. (a) initial, (b) middle, and (c) 
later part of acoustic waves. Initial, Middle and Later represent the time 
windows set at lapse time of -1-9s, 5s-10s, and 10-20s, respectively. 
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Figure 3.3.4. Frequency distribution of the maximum amplitude of acoustic 
events at SFT2 station during low wind speed. Blue circles represent the 
cumulative number of acoustic events in the log-log scale. Arrows indicate the 
amplitude ranges for stacking events. 
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Figure 3.4.1.1. Spectral amplitude ratios between class IV and class I for 
different components at different stations. Spectral amplitude ratios of direct 
wave (top) and those of coda wave (bottom). The line colors represent the 
spectral amplitude ratio at different stations and different components. Grey 
colors represent the data that are not analyzed in this study. 
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Figure 3.4.1.2. The observed spectral amplitude ratios for 10-s lapse time 
windows set from 0 to 50s. Red, blue, and green represents the spectral 
amplitude ratio of the Class IV/I, III/I and II/I, respectively 
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Figure 3.4.1.3. Spectral amplitude 
ratios of EXs for different classes. 
(a) Class V/I. (b) Class IV/I. (c) 
Class III/I. (d) Class II/I. The line 
colors represent spectral amplitude 
ratios for different lapse times (red: 
0-10s, orange: 20-30s, green: 40-
50s). Black and blue triangles 
correspond to the corner frequencies 
for low and high frequency range, 
respectively. Grey colors represent 
the data that are not analyzed in this 
study 
(a) 
(b) 
(c) 
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Figure 3.4.1.4. Examples of spectral amplitude ratios calculated by using a pair 
of individual events. The time window is set for 10 s in the coda waves. 
Different colors represent different classes. Grey colors correspond to the data 
that are not discussed in this study 
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Figure 3.4.1.5. (a) Narrowband envelopes stacked of Class 4 and Class 1, (b) 
Narrowband (1-2 Hz) envelopes stacked for different classes, (c) Ratio of 
envelopes stacked of Class 4 and Class 1 
(b) 
(a) 
(c) 
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Figure 3.4.3(a). Averaged seismic spectral amplitude ratios and standard errors 
of Class IV/I. Averages are shown by red and standard errors are shown by 
black curves. 
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40-50s 
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Figure 3.4.3(b). Averaged seismic spectral amplitude ratios and standard errors 
of Class III/I. Averages are shown by blue and standard errors are shown by 
black curves. 
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20-30s 30-40s 
40-50s 
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Figure 3.4.3(c). Averaged seismic spectral amplitude ratios and standard errors 
of Class II/I. Averages are shown by green and standard errors are shown by 
black curves. 
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40-50s 
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Figure 3.4.4. Spectral amplitude ratios of signal to noise level; (a) Class 
IV/noise level, (b) Class III/noise level, (c) Class II/noise level and (d) Class 
I/noise level.  
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Figure 3.4.5. The reliability of spectral amplitude ratio for different lapse times. 
R is observed spectral amplitude ratio. X is spectral amplitude ratio with noise 
amplitude changing as a function of lapse time. C is the noise amplitude. 
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Figure 3.5.1.1 Spectral amplitude ratios at three stations during low wind speed. 
(a) initial, (b) middle, and (c) later part of acoustic waves. Initial, Middle and 
Later represent the time windows set at lapse time of -1-9s, 5s-10s, and 10-20s, 
respectively. 
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Figure 3.5.1.2. Spectral amplitude ratios of acoustic waves for different classes. 
(a) Class IV/I. (b) Class III/I. (c) Class II/I. The line colors represent spectral 
amplitude ratio for different lapse times. Grey colors represent the data that are 
not analyzed in this study. 
(a) 
(b) 
(c) 
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Figure 3.5.1.3 Spectral amplitude ratios of acoustic waves for longer time 
windows (0-20s). Red, blue and green represent the spectral amplitude ratios of 
class IV/I, III/I and II/I, respectively. Grey colors represent the data that are not 
analyzed in this study.  
 
 
 
 
 
 
 
 
0-20s 
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Figure 3.5.2. Averaged acoustic spectral amplitude ratios and standard errors. 
(a) Class IV/I, (b) Class III/I and (c) Class II/I. Averages of Class IV/I, III/I and 
II/I are shown by red, blue and green, respectively. Standard errors are shown 
by black curves. 
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Figure 3.6.1a. Normalized vertical component of seismic and acoustic 
envelopes at SFT2 station for different frequency bands. Grey colours represent 
the envelope of event. Red colours represent the average of envelopes. Black 
lines represent the estimated noise level. 
0.5-1 HZ 
1 -2 HZ 
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Figure 3.6.1b. Normalized vertical component of seismic and acoustic 
envelopes at SFT2 station for different frequency bands. Grey colours represent 
the envelope of event. Red colours represent the average of envelopes. Black 
lines represent the estimated noise level. 
4-8 HZ 
2-4 HZ 
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Figure 3.6.2. Temporal changes of ratios of acoustic to seismic wave radiation 
at SFT2 station for four frequency bands. Different colors represent to three- 
component of seismometer. Grey areas are not analyzed in this study due to low 
signal to noise ratio. 
S/N ratio is low 
S/N ratio is low 
S/N ratio is low 
S/N ratio is low 
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Chapter 4 
Data Analyses of Shinmoe-dake Volcano 
4.1 Introduction 
 Kirishimayama, located in the southern part of Kyushu island, Japan, is a 
large group of more than 20 Quaternary volcanoes (see Figure 2.1.2 in Chapter 
2). Shinmoe-dake (1,421 m of peak altitude) is a stratovolcano which is located 
at the center of Kirishimayama, and erupted during the period from January to 
March 2011. Major eruption sequences occurred in 2011, showing various 
eruption styles such as sub-Plinian and Vulcanian eruptions (Nakada et al, 
2013). This eruptive activity took place about 300 years after the last magmatic 
eruption in 18 centuries. The main phase of 2011 eruption is represented by 
sub-Plinian eruptions and successive lava accumulation, which was followed 
by repeated Vulcanian events (Kato et al, 2013, Kozono et al, 2013). Kato et al 
(2013) define “Vulcanian event” as an eruption event accompanied with a 
strong shock wave and an explosion earthquake.  
In this chapter, we analyze large and small Vulcanian eruptions, and 
evaluate their characteristics by spectral amplitude ratios of seismic and 
acoustic signals. We also examine temporal characteristics of acoustic and 
seismic wave radiations at Shinmoe-dake volcano. 
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4.2 Seismic data processing 
Figure 4.2.1 examines the signal to noise ratios of EXs used in this 
analysis. The seismic signals show good signal to noise ratios up to 30s from 
the onset time at about 0.5-5 Hz. We obtain the spectral amplitude ratios using 
the same processing as did for the EXs of Sakurajima volcano. We examine 10 
EXs during January to March 2011. We classify the EXs into 3 classes 
according to their maximum amplitudes: Class I (4 events), Class II (3 events), 
and Class III (3 events). We stack the EXs in each class to stabilize the spectra, 
but the spectra are still fluctuated due to small number of events. Hence, we 
apply Hanning window of a bandwidth 0.5 Hz to obtain more stable results. We 
calculate the spectral amplitude ratios of large classes (Class III and II) to the 
smallest class (Class I) every 10 s from the onsets.  
4.3 Acoustic data processing 
Figure 4.3.1 compares the spectra of the signals and noises for different 
lapse times. We analyze the acoustic waveform up to 20 s from the onset during 
which signal to noise ratio is good at about 0.1-10 Hz. 
We analyze the acoustic data with a good signal to noise ratio, removing 
the data with saturated waveforms. Aa a result, only four acoustic events are 
analyzed. Because of the small number of acoustic events, we classify the four 
acoustic events into 2 classes according to their maximum amplitudes. Class I 
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(2 events) and Class II (2 events). We apply a Hanning window of bandwidth 
1 Hz to the spectra of the acoustic waves. Then, we calculate the spectral 
amplitude ratios of large classes (Class II) to the smallest class (Class I). The 
spectral amplitude ratios are calculated every 5 s by shifting a time window of 
10 s starting from 1 s before the onset for 20 s. 
4.4 Spectral ratio analyses of seismic waves 
Figure 4.4.1 shows the spectral amplitude ratios for different classes. We 
do not analyze the signals in low frequency range (<0.5 Hz) and high frequency 
range (>9 Hz) for spectral analyses because the S/N is low.  The spectral 
amplitude ratios decrease with increasing frequency and/or become flat at the 
intermediate frequency range (c.a. 2 – 4.5 Hz) and high frequency range (c.a. 
4.5 -9 Hz). These characteristics may be similar to those of EXs at Sakurajima 
volcano. However, flat amplitude ratios at low frequency range (< 2Hz) are 
unclear and the ratios are much fluctuated. These are probably caused by the 
instability of spectra due to small number of the events we analyze (see figure 
3.4.1.4 in Chapter 3). We do not, therefore, measure the amplitudes or corner 
frequencies of the spectral amplitude ratios quantitatively as same to 
Sakurajima seismic analyses. It can be clearly observed that the spectral 
amplitude ratios become smaller with increasing lapse time. Both for Class III/I 
and Class II/I, the spectral ratios at lapse time 0-10 s (red curve) are higher than 
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those of the other lapse times in lower frequency ranges of less than about 2-3 
Hz. 
4.5 Spectral ratio analyses of acoustic waves 
Figure 4.5.1 shows the spectral amplitude ratios for different lapse time. 
We do not interpret the spectral amplitude ratios at high frequency range of >10 
Hz because a low signal to noise ratio. The characteristics of the observed 
acoustic spectral amplitude ratios can be described by almost flat amplitude 
ratios at the frequency range of about 0.1 -10 Hz. The result shows no 
significant lapse time change in the spectral amplitude ratios. At low-frequency 
range of less than about 1 Hz, the spectral amplitude ratios decrease with 
increasing lapse time. However, this may be not so reliable because the time 
window length and number of data. Contrary, it is clearly observed that the 
spectral amplitude ratios are overlapped to each other at high frequency range 
of about 2 Hz. These characteristics are similar to the spectral amplitude ratios 
of acoustic waves at Sakurajima volcano, even though only small acoustic 
events are available.  
4.6 Temporal changes of acoustic and seismic wave radiations 
We examine temporal change of the radiations of acoustic waves and seismic 
waves during Vulcanian eruptions in 2011 Shinmoe-dake eruptive activity. We 
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use the same procedure done for the analyses of temporal change of acoustic 
and seismic waves radiation at Sakurajima volcano. We obtain the temporal 
changes in the ratios of the seismic envelope to the acoustic one at frequency 
ranges of 0.5-1 Hz, 1-2 Hz, 2-4 Hz and 4-8 Hz.  
Figures 4.6.1a and 4.6.1b show the normalized seismic (only vertical 
component) and acoustic envelopes of different frequency bands at KITK 
station. The seismic waves are radiated for longer time than the acoustic waves. 
This characteristic is similar to the Vulcanian eruptions at Sakurajima volcano. 
Signal to noise ratios become worse with increasing frequency. Signal to noise 
ratios of the seismic envelopes are good until about 110 s, 80 s, 50 s, and 30 s 
from the onset time (0s) at 0.5-1 Hz, 1-2 Hz, 2-4 Hz and 4-8 Hz, respectively. 
On the other hand, those of acoustic envelopes are good at about 80s, 50s, 40s 
and 20s from the onset time at 0.5-1H, 1-2 Hz, 2-4 Hz and 4-8 Hz, respectively. 
Figure 4.6.2 shows the temporal change of the amplitude ratios of seismic 
envelope to the acoustic one for the four frequency bands at KITK station. The 
ratios rapidly decrease at the beginning for 10-20 s, reach the minimums and 
keep the levels for about a while, and gradually increase in the later lapse time. 
These characteristics seem to be similar with those at Sakurajima volcano. 
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4.7 Summary 
We summarize the results of seismic and acoustic data analyses at Shinmoe-
dake volcano. The observed spectral amplitude ratios of explosion earthquakes 
show gradual decrease with increasing frequency at intermediate frequency 
range (ca. 2 – 4.5 Hz), and flat amplitude at high frequency range (ca. 4.5-9 Hz). 
On the other hand, the observed spectral amplitude ratios of acoustic waves 
excited by Vulcanian eruptions are characterized by a flat amplitude at a wide 
frequency range of ca. 0.1-10 Hz. These results are similar to the results 
obtained for Vulcanian eruptions at Sakurajima volcano. 
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Figure 4.2.1. Amplitude spectra of explosion earthquakes calculated for 
different lapse time. (a) at lapse time 0-10 s from the onset, (b) at 10-20s from 
the onset, (c) at 20-30s from the onset.  
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Standard deviation of noise 
average 
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Figure 4.3.1 Amplitude spectra of acoustic waves calculated for different lapse 
time. (a) at lapse time -1-9 s from the onset. (b) at 5-15s from the onset.  (c) at 
10-20s from the onset. 
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Figure 4.4.1. Spectral amplitude ratios of the acoustic waves for different 
classes. (a) Class III/I. (b) Class II/I. The colored lines represent spectral 
amplitude ratios for different lapse times. Grey colors represent the data that 
are not analyzed in this study. 
(a) 
(b) 
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Figure 4.5.1. Spectral amplitude ratios of acoustic waves for different lapse 
times. Grey colors represent the data that are not analyzed in this study. 
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Figure 4.6.1a. Normalized vertical component of seismic and acoustic 
envelopes at KITK station for different frequency bands. Grey colours 
represent the envelope of event. Red colours represent the average of envelopes. 
Black lines represent the estimated noise level. 
0.5-1 HZ 
1-2 HZ 
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Figure 4.6.1b. Normalized vertical component of seismic and acoustic 
envelopes at KITK station for different frequency bands. Grey colours 
represent the envelope of event. Red colours represent the average of envelopes. 
Black lines represent the estimated noise level. 
4-8 HZ 
2-4 HZ 
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Figure 4.6.2. Temporal changes of ratios of acoustic to seismic wave radiation 
at KITK station for four frequency bands. Different colors represent to three-
component of seismometer. Grey areas are not analyzed in this study due to low 
signal to noise ratio. 
S/N ratio is low 
S/N ratio is low 
S/N ratio is low 
S/N ratio is low 
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Chapter 5 
Discussion 
The characteristics of spectral amplitude ratios obtained for Sakurajima and 
Shinmoe-dake volcanoes are similar to each other. In the present chapter, 
therefore, we interpret these results, considering the Vulcanian eruption 
dynamics. First, we discuss the results on the spectral amplitude ratios of EXs 
with a single force model presented in previous study and effects of the source 
depth difference in the target earthquakes. Subsequently, we interpret the 
spectral amplitude ratios of acoustic waves by considering a resonance model 
of acoustic waves. Finally, we discuss the temporal changes of radiation of 
seismic and acoustic waves during Vulcanian eruptions.  
5.1. Interpretation of spectral ratios of seismic waves 
5.1.1 Comparison with a single force model 
Earthquake source models enable us to understand kinematic properties 
of the source mechanism. For tectonic earthquakes, for example, the source 
model of Brune (1970) is often used to explain observed spectral amplitude 
ratios and measure the seismic moment and corner frequency. As a result, 
scaling relations of the stress drop, fault length and so on are discussed in terms 
of the generation process of earthquake faults and tectonic settings.  
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We use a vertical single force model that was first presented by Kanamori 
et al. (1984) and modified by Nishimura and Hamaguchi (1993).The source of 
EX is represented by a vertical downward single force acting on the bottom of 
a reservoir with a radius of r and a depth of 2r. The peak amplitude of the single 
force, F, is given by 
𝐹 =  𝜋 𝑟2𝑃0, 
and the pulse width of the single force, 𝜏, is expressed as 
𝜏 = 𝑓𝑐
−1 =  𝑐1
𝑟
𝑣0
 
where 𝑃0 represents pressure in the shallow reservoir, 𝑣0 the initial particle 
velocity of the flow, and c1 is approximated to be 3 for the volcanic flow 
(Nishimura and Hamaguchi, 1993). 
We evaluate the spectral amplitude ratios, assuming 𝑃0 = 1 MPa 
(Nishimura and Hamaguchi, 1993), and 𝑣0 = 120 m/s (Iguchi et al., 1983). We 
use a triangular source time function. Ishihara (1985) inferred from the 
dimension of red-hot portion of the lava dome taken in a photo that the diameter 
of the conduit at a shallow depth is a few dozen meters. Considering the conduit 
size of Ishihara (1985), we suppose a vent radius of class I to be 15 m. Then, 
we determine the vent radius of Classes II-IV by matching the observed spectral 
…… (8) 
…… (7) 
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amplitude ratios at the low frequency range (figure 5.1.1). In this analysis, we 
set the vent radius of Classes II, III and IV are about 17 m, 19 m and 22.5 m, 
respectively. The predicted spectral amplitude ratios are almost flat at the low 
frequency range (0.1 Hz–2 Hz), gradually decrease at the intermediate 
frequency range (2 Hz–5 Hz), and then are almost flat again at the high 
frequency range (>5 Hz). The corner frequencies of synthetic spectral 
amplitude ratios around 1 Hz slightly increase with decreasing the magnitude 
of explosion earthquakes (see star symbols in the figure 5.1.1a), which are 
proportional to the inverse of the vent radius. This feature may be similar with 
the tectonic earthquake source model (Brune, 1970), in which the corner 
frequency is inversely proportional to the fault length. The predicted corner 
frequencies increase with decreasing the vent radius, although the changes are 
slight. However, such a feature in the corner frequency is not well recognized 
in the observed spectra amplitude ratios (see figure 5.1.1b). This may be 
because the peaks of spectral amplitude ratios around 2 Hz are significant for 
all of the Classes IV/I, III/I, and II/1. To examine whether or not these peaks 
originate from the spectrum of Class I that is used as denominator, we calculate 
the spectral amplitude ratios of Classes I, II and III to Class IV. Even using a 
different class as the denominator, the peaks appears at the same frequency for 
all classes (see in figure 5.1.1c). This also indicates that slight change in the 
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corner frequency is not recognized in the EXs of Sakurajima volcano. Therefore, 
we conclude that volcanic explosion earthquakes at a single volcano has a 
different scaling relation that is obtained for explosion earthquakes recorded at 
different volcanoes (Nishimura and Hamaguchi, 1993). Since the explosion 
earthquakes at Sakurajima and Shinmoe-dake volcanoes occurred at a same 
crater of each volcano, the changes of vent radius may not be significant for 
explosion earthquakes with different magnitudes. The spectral amplitude ratio 
change may be also attributed to pressure changes in the conduit and/or magma 
chamber, and/or depth extension of the source region (i.e., pressure chamber) 
which may be different from the simple model of vertical single force. Effect 
of source depth is discussed in the following section 5.1.4.  
 5.1.2 Interpretation of direct and coda waves 
The observed spectral amplitude ratios show significant changes with 
lapse time at low and high frequency ranges. For example, the spectral 
amplitude ratios of direct waves are about two times larger than those of coda 
waves; the corner frequencies at the low and high frequencies are almost 
constant at 2 Hz and 3.5 Hz, respectively. Direct wave of an explosion 
earthquake, which is the maximum amplitude in the seismogram, is associated 
with the initial explosion whose mechanism is interpreted to be associated with 
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a rapid pressure release in the shallow chamber beneath the crater (Kanamori 
et al., 1984; Nishimura and Hamaguchi, 1993; Tameguri et al., 2002).  
On the other hand, coda waves of tectonic earthquakes are generally 
known to consist of scattered waves in the medium having a short-wavelength 
heterogeneity (Sato and Fehler, 1998). A number of volcano tectonic 
earthquakes (hereafter called VTs) occurred in association with a dike intrusion 
event on Aug. 15, 2015 (e.g., Hotta et al., 2016). A VT has a similar amplitude 
of the explosion earthquakes, but the duration of this VT is only about 10-20 s. 
Although the source locations of VTs, which are at depths of 2–4 km beneath 
the south eastern flank, are different from the source region of explosion 
earthquakes (i.e., beneath the crater), such a large difference in the duration of 
coda suggests that the coda of EXs are generated by additional seismic sources 
associated with Vulcanian eruptions. It is often observed that continuous ash 
emissions follow the initial explosions of Vulcanian eruptions for several to 
tens of minutes. We infer that continuous emission of volcanic ash is 
successively exciting seismic waves. As a result, direct waves are continuously 
radiated from the conduit region. Recently, Hirose et al. (2019) estimated the 
scattering mean free paths to be about 1.5 to 3 km at 0.5 Hz and 4 Hz at 
Sakurajima volcano. These are almost same to the distances from the active 
crater to stations, although the scattering mean free paths at higher frequencies 
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are not known. This suggests that the direct waves are surely included in the 
coda waves. Alternatively, coda waves of EXs include not only direct waves 
due to continuous ash emission but also coda waves of the sources due to the 
initial explosions and the following continuous ash emissions. The mechanism 
relating continuous ash emission to the generation of seismic waves has not yet 
been clarified, but we infer that pressure fluctuation in the conduit and/or 
magma chamber with a period of about 0.5 to 1 s may generate coda waves. 
The differences recognized in the spectral amplitude ratios between direct wave 
and coda waves of explosion earthquakes must reflect the difference in conduit 
process during the initial and the continuous ash emissions. 
Figures 5.1.2.1a-d show the decay rates of signal amplitudes of EXs, 
acoustic waves and VTs. Four different frequency bands are examined. VTs at 
depth of 0-1 km below sea level and 2-3 km below sea level are selected by 
HYPOMH from Hirata and Matsu’ura (1987), which determines hypocenters 
from arrival times of P- and/or S- waves. (see Table 5.1.2.1 and figure 5.1.2.2). 
We compare the decay rates and duration time of these seismic events, using 
the decay rate of EXs. At all of the frequency ranges (0.5-8 Hz), the decay rates 
of EXs are almost same with those of VTs at a shallow and deep depth for about 
20-30s. VTs at a deep depth seems to show a small decay rate.  But the decay 
rates of EXs after about 30s are smaller than those of VTs. Hence, the coda 
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waves at a lapse time of more than 30 s can be attributed to the source associated 
with continuous ash emissions. 
5.1.3 Effects of volcanic structures on the spectral ratios 
We have shown that the spectral amplitude ratios of EXs are similar for 
all components and stations. These results strongly suggest that the spectral 
amplitude ratios consist of the source spectra of the two events and are not 
influenced by the propagation or site effects. However, the spectral ratio 
methods are usually applied to tectonic earthquakes recorded at stations without 
steep topographies and specific volcanic surface structures. Here, we analyze 
tectonic earthquakes using the spectral ratio method to examine the effects of 
volcanic structures.  
We analyze three pairs of large tectonic earthquakes with a long coda 
continuing for >100 s (see figure 5.1.3a). Since tectonic earthquakes with large 
magnitudes do not often occur around the volcano, we use these three pairs 
occurring around the plate boundary of subducting Philippine plate. We 
calculate spectral amplitude ratios of seismograms recorded at the same JMA 
stations on Sakurajima. Also, we use several Hi-net stations deployed outside 
Sakurajima volcano, which is operated by NIED, for comparison. Figures 
5.1.3b and 5.1.3c show the observed spectral amplitude ratios of the three pairs 
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of tectonic earthquakes at JMA and NIED stations, respectively. The spectral 
amplitude ratios of tectonic earthquakes are similar between direct S-wave and 
coda, as no lapse time dependence is recognized both inside and outside of 
Sakurajima volcano. The observed spectral amplitude ratios at the stations on 
Sakurajima volcano are quite similar to those at the stations outside the volcano, 
as the spectral amplitude ratios shown in the left panels are almost the same as 
those in the right panels. This indicates that the spectral ratio method is 
applicable to seismic waves recorded on the flanks of Sakurajima volcano, 
where lavas and ash cover the ground surface and shallow volcanic pressure 
sources exist (Iguchi, 2013).  
These observations are consistent with many previous studies that 
analyzed tectonic earthquakes occurring at different places (e.g. Abercrombie, 
2013; Somei et al., 2014). Alternatively, the lapse time dependence of the 
spectral amplitude ratios observed for explosion earthquakes are completely 
different from those of tectonic earthquakes and reflects the temporal changes 
in the source spectra of explosion earthquakes.  
5.1.4 Effects of source depths of explosion earthquakes on the spectral 
ratios 
Main phases of EXs originate from a very shallow depth beneath the 
crater (Tamaguri et al., 2002), but the hypocenters determined from arrival 
96 
 
times of P-wave of EXs distribute down to a few km below sea level (Iguchi, 
2013). In this section, therefore, we numerically simulate seismograms of 
explosion earthquakes to examine how the source depth effects on the spectral 
amplitude ratios of explosion earthquakes.    
 We calculate the spectral amplitude ratios by changing the source 
location into several depths. We first simulate waveforms of EXs using Open 
SWPC (Maeda et al., 2017). The ground surface topography data from Geo-
Spatial Information Authority of Japan (GSI) with a resolution of 10m and 
bathymetry data from Japan Oceanographic Data Center (JODC) with a 
resolution of 500 m are set in the region of a 12 km×12 km×9 km with a center 
of coordinate at Showa crater. A homogeneous medium with P-wave velocity 
(Vp) of 2.5 km/s, S-wave velocity (Vs) of 1.3 km/s, density (ρ) of 2000 kg/ m3, 
P-wave quality factor (Qp) of 100 and S-wave quality factor (Qs) of 70 are 
assumed (Uhira and Takeo, 1994). A vertical downward single force is exerted 
to generate an EX, which has a source duration (TR) of 0.5 s and a unit force 
amplitude. Examples of snapshot of seismic wave propagation are shown in 
figure 5.1.4.1. Simulated 3-component seismograms are obtained at the three 
stations (SKRB, SKRC and SKRD). We calculate seismic waveforms for EXs 
whose sources are set at different depths from 0.1 km beneath the summit of 
Showa crater down to 1 km from the sea level. The distances are almost 
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comparable to the vertical extension of the source depths (down to a few km 
below sea level) determined from P-wave arrival data analyses (Iguchi, 2013). 
The spectral amplitude ratios are obtained for the waveforms for shallow 
sources to those of the deepest source (1 km from the sea level). Figure 5.1.4.2 
shows the spectral amplitude ratios of simulated waveforms of EXs for the three 
components. The result shows that the spectral amplitude ratios of the simulated 
vertical component waveforms are smaller than the horizontal component ones. 
Although the spectral amplitude ratios become large with shallowing the source 
depths, overall characteristics are different from the observed features (compare 
figure 5.1.4.2 with figure 3.4.1.2). For example, the spectral amplitude ratios of 
the observed explosion earthquakes are characterized by a simple shape in Fig. 
3.4.2.1(a). On the other hand, the simulated spectral amplitude ratios show no 
clear characteristic shape and several peaks are recognized in the range from 1 
to 10 Hz. These peaks are generated by steep topography of the volcano because 
such features are not produced for the medium having flat surface. Therefore, 
the observed spectral features are not simply caused by the depth change of the 
sources that generate the initial explosions and continuous ash emission. 
However, we do not completely deny the effects of source depth on the 
magnitude of EXs, because summing many explosion earthquakes at each class 
may weaken the effect of the source depths. 
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5.2 Interpretation of spectral ratios of acoustic waves 
We observed that the spectral amplitude ratios for acoustic wave are 
almost flat at a wide frequency range (0.1-10 Hz). This indicates that the source 
time functions are same between large and small acoustic signals except for 
their amplitude, that is, duration time of source time function (pulse width) is 
constant. This is contrary to the seismic waves, in which there is frequency 
dependence on the magnitude of explosion earthquakes (see Chapter 3 and 
Hasib et al, 2019). The differences in seismic and acoustic wave spectral 
amplitude ratios suggest the differences in the generation mechanisms between 
seismic and acoustic signals, which may reflect the difference of excitation 
region: the seismic waves are in the volcanic conduit beneath the vent, while 
the acoustic waves are at the top of the magma level. 
Since the observed spectral amplitude ratios are different between the 
seismic and acoustic events, the acoustic waves cannot be explained by using 
the single force model. Here, we try to explain the characteristics by another 
mechanism: a resonance model which represent resonance oscillations of 
acoustic waves in a crater (e.g., Richardson, 2014). Constant pulse width may 
be attributed to the resonance effect of crater that is generally approximated by 
a cone shape. Large and small amplitude differences of the acoustic waves are 
differences in the pressure acting on the boundary between the vent and 
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atmosphere and/or ejection speed of volcanic materials. On the other hand, the 
pulse width is controlled by the geometry of crater (see Figure 5.2.1). 
5.3 Interpretation of temporal change of acoustic and seismic wave 
radiations. 
 
We observed similar characteristic for the temporal changes of the ratio 
between seismic and acoustic envelopes for both Sakurajima and Shinmoe-
dake volcano. The ratios gradually decrease at the beginning for about 10-20 s, 
and then reach the minimums. The ratio then slightly increases in the later part, 
or the acoustic signals comes to be at a noise level. Such features recognized in 
the data of both volcanoes probably may be explained by migrations of the 
source that generates pressure fluctuations (Johnson and Aster, 2005). Figure 
5.3.1 schematically illustrates the mechanism. At the beginning just after a 
Vulanian eruption occurs, magma level in the conduit is high and pressure 
disturbance may occur mainly in the upper part of the conduit. As a result, 
acoustic waves are effectively radiated to the atmosphere. As the eruption 
continues, the magma level comes to decrease in the conduit. When pressure 
disturbance mainly occurs around the magma level, the acoustic source comes 
to be located at deeper regions. On the other hand, the propagation distance of 
seismic waves from the activation region to the seismic stations on the flank do 
100 
 
not significantly change. These processes can explain the observed temporal 
changes of the ratios between seismic and acoustic wave radiations.  
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Figure 5.1.1. (a) Synthetic spectral amplitude ratios predicted from the scaling 
relation of vertical single force model. (b) Observed spectral amplitude ratios 
of explosion earthquakes at Sakurajima volcano (same to figure 3.4.1.2 at lapse 
time 20-30s). (c) Observed spectral amplitude ratios of explosion earthquakes 
at Sakurajima volcano calculated by setting Class IV as reference. Different 
colors represent spectral ratios for different magnitudes. Stars correspond to the 
corner frequency for different magnitudes 
(b) 
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Figure 5.1.2.1a. Normalized vertical component of EXs and vertical component 
of VTs at frequency band 0.5-1 Hz that are recorded at SFT2 station. Blue lines 
represent the estimated noise level. 
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Figure 5.1.2.1b. Normalized vertical component of EXs and vertical component 
of VTs at frequency band 1-2 Hz that are recorded at SFT2 station. Blue lines 
represent the estimated noise level. 
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Figure 5.1.2.1c. Normalized vertical component of EXs and vertical component 
of VTs at frequency band 2-4 Hz that are recorded at SFT2 station. Blue lines 
represent the estimated noise level. 
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Figure 5.1.2.1d. Normalized vertical component of EXs and vertical component 
of VTs at frequency band 4-8 Hz that are recorded at SFT2 station. Blue lines 
represent the estimated noise level. 
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Figure 5.1.2.2 Hypocenter of shallow and deep VTs during August 2015 at 
Sakurajima volcano. 
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Figure 5.1.4.1. Snapshots of propagations of simulated seismic waves. (a) 
shallow source (100 m beneath the crater), (b) deep source (1700 m beneath the 
crater). Red and green colors represent P-wave and S-wave energy, respectively. 
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Figure 5.1.4.2. Simulated spectral amplitude ratios of EXs for different 
components of seismograms for direct wave. (a) East-west component, (b) 
North-south component, (c) Up-down component. Colors represent the spectral 
ratios for different depths. The deepest depth (1 km below sea level) is the depth 
reference. Sign ‘+’ and ‘-’ correspond to above and below sea level, 
respectively. ‘0’ km depth corresponds to depth equal to sea level. Grey colors 
represent the data that are not analyzed in this study. 
(b) NS 
(a) EW 0-4s 
(a) UD 
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Figure 5.2.1. Schematic illustration of acoustic wave generation during 
Vulcanian eruption. (a) Large, and (b) small acoustic wave generation 
(modified from Richardson et al, 2014). 
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Figure 5.3.1. Schematic illustration of migration of source region and radiations 
of seismic and acoustic waves. (a) Initial explosion occurs at shallow depth 
( 𝐸𝑎𝑐𝑜𝑢𝑠𝑡𝑖𝑐 > 𝐸𝑠𝑒𝑖𝑠𝑚𝑖𝑐 ), (b) Then, the active zone gradually becomes deep 
(𝐸𝑎𝑐𝑜𝑢𝑠𝑡𝑖𝑐 < 𝐸𝑠𝑒𝑖𝑠𝑚𝑖𝑐). 
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Chapter 6 
Conclusion 
We have investigated the source characteristics of Vulanian eruptions at 
Sakurajima and Shinmoe-dake volcanoes. Applying a spectral ratio method to 
seismic and acoustic waves during the eruptions, we examined the source 
process of Vulcanian eruptions. The main results obtained from the analyses 
for the two volcanoes are summarized as follows; 
1. The observed spectral amplitude ratios of explosion earthquakes are 
characterized by: almost constant amplitude at low frequency range (0.5–
2 Hz); gradual decrease at intermediate frequency range (2–3.5Hz), and 
almost constant amplitude at high frequency range (3.5–10 Hz). No 
significant change is recognized in corner frequencies of spectral 
amplitude ratios for different magnitude ranges of explosion earthquakes.  
2. Scaling relation of vertical single force model, which explains the 
magnitude of explosion earthquakes by vent radius and constant pressure 
of the source, may not fully explain the spectral amplitude ratios of 
explosion earthquakes observed at each volcano. Since the vent radius 
does not significantly change with time, pressure changes in the conduit 
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and/or magma chamber, and/or depth extension of the source region may 
affect the spectral amplitude ratios. 
3.  The observed spectral amplitude ratios of explosion earthquakes change 
with lapse time. The ratios gradually decrease with elapsed time from the 
onset of explosions. These characteristics are different from the spectral 
amplitude ratios of tectonic earthquakes. We inferred that the differences 
in the spectral amplitude ratios between the direct and coda waves are 
attributed to the differences between the initial rapid pressure release in 
the conduit and successive oscillations of the magma system during 
continuous ash emission. 
4. The spectral amplitude ratios of acoustic waves show flat amplitude at a 
wide frequency range between 0.1 and 10 Hz. This characteristic suggests 
that the source time function is same, except its amplitude, for a wide 
magnitude range of acoustic waves. Constant duration time of source time 
function may be explained by the effect of the crater geometry on the 
acoustic wave radiation. 
5. The amplitude ratio between seismic and acoustic envelopes at the two 
volcanoes show similar temporal characteristics. The ratios gradually 
decrease at the beginning for about 10-20 s, reach minimum, and slightly 
increases in the later part, or the acoustic signals comes to be at a noise 
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level. These changes probably may be attributed to the downward 
migrations of pressure fluctuations in the conduit. 
This study newly applies spectral ratio method to the seismic and acoustic 
waves associated with Vulcanian eruptions. We found that the seismic spectral 
amplitude ratios decrease with elapsed time. This is quite contrary with the 
result of tectonic earthquakes that obtained by previous study. We also found 
the difference of characteristic of spectral amplitude ratios between seismic and 
acoustic waves, suggesting the differences in their generation mechanisms and 
excitation region: the seismic waves are in the volcanic conduit beneath the 
vent, while the acoustic waves are at the surface of the conduit. In this thesis, 
only the two volcanoes are analyzed, but by applying spectral ratio method to 
the data observed at the other volcanoes can deepen our knowledge on scaling 
relations between large and small Vulcanian eruptions. 
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